ABSTRACT General pulse width modulation (PWM) model for multi-phase neutral point (NP) clamped (NPC) 3-level inverter (3LI) is described. A novel PWM strategy for N -phase NPC 3LI with unconditional NP voltage balance is proposed as well as its carrier-based realization, in which PWM sequences are generated by comparing a single carrier wave with double modulation waves. The proposed PWM strategy is consistent with the principle of virtual space vector PWM (VSVPWM). However, the mechanism of NP voltage balance under the proposed PWM strategy is based on precisely calculating and executing level 1 action time of each phase, which may be influenced by some non-ideal factors. To avoid that, an active NP voltage control for the proposed PWM strategy is put forward. Then 3-phase and 5-phase NPC 3LIs are built as examples to verify the correctness of the proposed PWM strategy. Finally, the experimental results indicate that the proposed PWM strategy has better NP voltage control abilities.
I. INTRODUCTION
In recent years, researchers have been paying increasingly attentions to multi-level inverters [1] , which have a lot of merits. Owing to relatively low total harmonic distortion (THD) and the voltage stress on power devices [2] , [3] , multi-level inverters are very popular in many fields, such as motor drives [4] , [5] . The neutral point clamped 3-level inverter (NPC 3LI) is widely applied among all multi-level topologies, because the hardware circuit is simple and only one dc-voltage source is needed.
The potential unbalanced NP voltage inevitably appearing in some applications, is an inherent issue of NPC 3LI. The NP voltage contains DC offset and AC ripple [6] . Generally speaking, the DC offset should be eliminated and large AC ripple should be suppressed. Large NP voltage ripple can be The associate editor coordinating the review of this article and approving it for publication was Xiaorong Xie.
caused by NPC 3LI. This problem can be released by increasing the DC-link capacitance to some extent. The authors of [7] suggested using two isolated dc-voltage sources to keep NP voltage constant. Another method is applying controllable active front-end to the NPC 3LI as DC side, for example backto-back or 3-level boost circuit, which were studied in [8] and [9] . However, these methods require additional devices, which increase the system hardware costs and complexity. In addition, the reliability of the system is deteriorated due to the addition of the active devices.
Another solution to unbalance NP voltage relates to the improved PWM strategies applied to NPC 3LI [10] , [11] . The traditional PWM strategies can be divided into two categories generally. One of these is the carrier-based PWM (CBPWM). An approach has been made to keep NP voltage constant under CBPWM strategy in [12] , where the correct NP current direction in each phase is generated with an additional modulated wave injected into the corresponding modulation wave. It can realize pre-compensation for an unbalanced NP voltage condition. Another is based on space vector PWM (SVPWM). In [13] , the SVPWM based strategy takes not only the unbalanced NP voltage but also the influences on the length and position of basic voltage vector into account. Then NP voltage recovery can be achieved quickly by selecting appropriate basic voltage vector. In fact, these two categories are the same in essence [14] . By injecting particular zero-sequence voltage into the modulation wave under CBPWM, the same switching sequences can be thus acquired just like SVPWM. However, the NP voltage will appear lowfrequency oscillation under these modulation strategies for NPC 3LI [15] , especially when it operates at the conditions of low power factor and high modulation index. Then the output voltage contains low-order harmonics, which is the main drawback of these approaches.
A PWM strategy for NPC 3LI to reduce switching losses, called as discontinuous PWM (DPWM), has been researched in [16] . For the purpose of keeping NP voltage constant, the DPWM strategy is implemented by choosing the most suitable PWM sequence.
The virtual space vector PWM (VSVPWM) is an attractive PWM strategy for NPC 3LI, which can control NP voltage under the conditions of any power factor and modulation index. In recent years, the VSVPWM strategies have been studied intensively, particularly mixing with other modulation strategies, because of the excellent performance on NP voltage control. Hybrid PWM strategy combining VSVPWM with SVPWM is applied in [15] , where fully controlling of NP voltage is achieved. In [17] , the presented hybrid PWM strategy has excellent characteristic on NP voltage based on choosing proper proportional coefficient, at low switching frequency operating environment. The VSVPWM is extended from three-level to four-level converter in [18] , even to arbitrary level in [19] . It is also expanded to some extreme conditions, such as over-modulation region [20] . An improved VSVPWM in [21] exhibits the good NP voltage control capability, which remains NP voltage balance by active NP voltage control.
However, almost all the literatures given above are for 3-phase NPC 3LI. Due to a lot of attractive features, such as fault tolerance, improved reliability, increased efficiency and lower power handling requirements of per-phase, N -phase NPC 3LI has been applied to ship propulsion, electric traction and aerospace industry, et al. [22] , [23] . When the phase number is higher than three, it is very difficult to apply SVPWM to N -phase NPC 3LI. And there are few works about NP voltage balance control for N -phase NPC 3LI, but this issue is very crucial.
To perfectly control NP voltage like VSVPWM, a novel carrier-based PWM strategy is proposed in this paper, which can be easily extended to N -phase NPC 3LI. The main contributions of this paper are as follows. 1. A PWM strategy suitable for N -phase NPC 3LI is proposed, which can achieve NP voltage balance unconditionally under any modulation index and power factor. 2. Its carrier implementation is given, which greatly simplifies the duty ratio calculation. 3. Moreover, an active NP voltage control method suitable for the proposed PWM strategy is presented.
II. N -PHASE NPC 3LI AND ITS PWM MODEL
A. N-PHASE NPC 3LI Figure 1 shows the topology of N -phase NPC 3LI. C 1 is called the upper capacitance and C 2 is called the lower capacitance. The two will cut the DC-link voltage in half, when no unbalance occurs. Table 1 shows that the output levels are different according to the conducted devices. Assuming u (1) , u (2) . . . u (N) stand for the N phase voltages and i (1) , i (2) . . . i (N) stand for the N phase currents, where the positive current is defined as flowing from the inverter to the load. The phase voltages and currents can be normalized as:
where I m represents the peak value of phase current, ϕ represents the power factor angle of load, ωt is the phase angle of phase 1 and ωt ∈ [0, 2π], m is the modulation index and m ∈ [0, 1.1547] [14] . The analysis is done by assuming that the value and direction of N -phase currents are considered as constant in a switching period. These phases can be reclassified according to their instantaneous phase voltages, which are renamed as phase 1 to N :
where u 1 and u N are the maximum and minimum phase voltage, respectively.
B. PWM MODEL WITH NP VOLTAGE BALANCE
Based on the principle of volt-second equilibrium, the line-toline voltages of adjacent two phases, for example u i and u i+1 VOLUME 7, 2019 and i = {1, 2, . . . , N − 1}, are satisfied with:
The duty ratio of all levels of each phase satisfies the following condition:
where d kn is the dwell time of level n of the corresponding phase k. From the equations (2) and (3), the general PWM model for N -phase NPC 3LI is given. In a switching period, the NP voltage balance can be realized if the total NP current introduced by all phases equals to zero, which can be expressed as:
where i k is the current of the phase k.
According to the equations (4)- (6) given above, the general PWM model for N -phase NPC 3LI with its NP voltage equilibrium is acquired, where unknown duty ratios are 3N. However, there are only 2N equations. It means other additional restrictive conditions are needed to obtain specific solution for all duty ratios.
Considering that i k = 0 (k = 1, · · · , N ) while the load of N -phase NPC 3LI is star-connected, the simplest solution for (6) is as follow:
The switching sequence of the maximum phase consists of 1 and 2 levels; the switching sequence of the minimum phase consists of 0 and 1 levels; and the switching sequences of other phases consist of 0, 1 and 2 levels. Therefore, the following equations should be satisfied:
After adding equations (7) and (8), the number of equations equals to the number of unknown duty ratios. From (4), (5), (7) and (8), all duty ratios can be expressed as:
It should be noted that when N = 3, the calculated result of the duty ratios given by (9) is consistent with that in literature [21] . Equation (7) is consistent with the basic principle of VSVPWM, and it is extended to N -phase application.
From the above description, it can be seen that the phases corresponding to u 2 . . . u N −1 consist of three levels, which cause increased switching losses comparing to SVPWM. It is the main disadvantage of the proposed PWM strategy.
C. THE CARRIER-BASED REALIZATION
The carrier-based realization means PWM sequences are determined by comparing carrier wave with modulation wave. It is easy to be carried out comparing to other pulse generation methods. To obtain the dwell time of any level n of any phase k given by (9), the dual modulation waves under the proposed PWM strategy for phase k can be expressed as:
The acquisition of the two PWM sequences depends on the single carrier wave and the dual modulation waves given by (10) . And then the whole PWM sequences can be acquired. As a result, the PWM strategy can be realized like CBPWM. The detailed analysis of carrier-based realization can be referred to [21] .
Under the proposed PWM strategy, while m = 0.5 and 1, the dual modulation waves of one phase for 3-phase, 5-phase and 7-phase NPC 3LI can be acquired, which are illustrated in Figure 2 . It is worth noting that the modulation waves are no more sinusoidal, and their shapes change along with the increment of the phase number.
As described in [21] , there are no low-order harmonics in output voltage, which is one of the merits of the proposed PWM strategy.
III. ACTIVE NP VOLTAGE CONTROL FOR THE PROPOSED PWM STRATEGY
In theory, under the proposed PWM strategy, the NP voltage does not appear AC ripple and DC offset. However, the practical issues are more complicated due to some nonideal factors, which result in NP voltage unbalance. The nonideal factors include: (1) Difference capacitance. Actually the upper and lower capacitances cannot be the same, which cause unbalanced NP voltage; (2) The actual duty ratios are different from the calculated duty ratios given by (9) because of the insertion of dead-time. Deeply discussion of the influences of these non-ideal factors can be referred to [21] .
In [21] , there are three active NP voltage control approaches based on CB_VSVPWM for 3-phase NPC 3LI, which are two common-mode voltage injection methods and one differential-mode voltage injection method. But these methods cannot be extended to the case of N -phase directly. Some modification is needed.
The NP current has an effect on the NP voltage. Therefore, changing the duty ratio of level 1 can control the NP voltage, which is the basic principle of active NP voltage control method. However, in the process of adjustment, the line-to-line voltage should be not affected, which should be paid attention. Otherwise, the phase current will be distorted.
If only the duty ratio of level 1 of the maximum phase or the minimum phase adjusts, the line-to-line voltage will change. To avoid that, the duty ratio of level 1 of others phase should be adjusted. It means the duty ratio of level 1 of all phases must be changed simultaneously. Active NP voltage control method can be realized by this approach, but it is complex to analyze the total compensation current.
Another approach is adjusting the duty ratios of level 1 of these phases corresponding to u 2 . . . u N −1 to realize active NP voltage control. For these phases, the switching sequences are composed of level 2, 1 and 0. Thus, it is easy to keep phase voltage unchanged after changing the duty ratios of this phase. This method is applied in this paper. For example, assuming the duty ratio of level 2 decreases by d k , the duty ratio of level 1 increases by 2 d k , and the duty ratio of level 0 decreases by d k , respectively, then the adjusted phase voltage u k,adj can be rewritten as
From (11), the phase voltage is not changed in the process of adjusting the duty ratios, and the line-to-line voltage is thus unchanged. The illustration of this approach is shown in Figure 3 , where the dwell time of the maximum phase and minimum phase is not adjusted. After adjusting, the NP voltage compensation current i k,cmp introduced by the phase k can be expressed as
If the duty ratios of the phases corresponding to u 2 . . . u N −1 are all adjusted, the total compensation current i cmp can be calculated as
For convenience, assuming d k is fixed, taking d k = d as an example. Then, (13) can be rewritten as
In fact, if the duty ratios of the phases corresponding to u 2 . . . u N −1 are adjusted consistently, the polarity of some phase currents may be opposite, which will weaken the adjustment ability of active NP voltage control. In (14) , it can be seen that the polarity of the compensation current can be varied by the polarity of d. For obtaining better adjustment ability of active NP voltage control, the polarity of d should be changed according to the polarity of i k . Then, d k can be determined as
Therefore, the total compensation current i cmp used to adjust NP voltage can be obtained as:
When u NP = u C1 − u C2 < 0 is satisfied, the NP voltage should be decreased. Namely, the polarity of i cmp should be positive. Therefore, i cmp as a function of u NP can be obtained as:
where T S denotes the switching period. From (17), i cmp can be obtained based on u NP . Then, the corresponding d k can be obtained according to (16) . When active NP voltage control for the proposed PWM strategy is considered, the dual modulation waves can be expressed as
It is worth noting that when N = 3, the proposed active NP voltage control is consistent with the differential-mode voltage injection method proposed in literature [20] .
IV. PERFORMANCE ANALYSIS A. AC RIPPLE ON NP VOLTAGE UNDER SPWM
According to literature [24] , the NP current i NP under SPWM can be obtained as where i * NP is the normalized NP current factor. Then, the NP voltage can be obtained as: (20) Taking N = 3, 5 and 7, as examples, the peak value of i * NP under SPWM strategy with respect to ϕ is shown in Figure 4 . And i * NP as functions of ϕ and ωt is shown in Figure 5 . From Figures 4 and 5 , the peak value of i * NP is lowest under ϕ = 0, π, and 2π, and it is highest under ϕ = π/2, and 3π/2. Moreover, it can be noted that the peak value of i * NP decreases with the increment of phase numbers.
From Figure 5 , it can be seen that there are obvious fluctuations with 3, 5 and 7 times of fundamental frequency on i * NP for 3-, 5-and 7-phase respectively, which will result in a low frequency fluctuation on NP voltage. In addition, by comparing Figure 5 (a), (b) and (c) , it found that although the fluctuation frequency of i * NP is proportional to the phase number, the fluctuation amplitude is inversely proportional to the phase number.
However, with the proposed PWM strategy, i * NP is always zero in one switching cycle theoretically. Therefore, there is no NP voltage ripple in theory, which is one of advantage of the proposed PWM strategy. So, small DC-link capacitor can be used, such as film capacitor with a long life span.
B. SWITCHING LOSS
Compared to SPWM, the main disadvantage for N -phase NPC 3LI of the proposed PWM strategy may be the increased switching loss. In a fundamental period, average switching losses under SPWM and the proposed PWM strategy can be calculated based on the method presented in [25] . Letting the switching losses under SPWM as a baseline, Figure 6 shows the switching losses under the proposed PWM strategy with respect to ϕ.
From Figure 6 , the switching losses under the proposed PWM strategy are always higher than that under SPWM. While ϕ = 0 and ±π for 3-, 5-and 7-phase, the switching losses under the proposed PWM strategy are about 1.15, 1.45 and 1.6 times of that under SPWM, respectively. While ϕ = ±π/2 for 3-, 5-and 7-phase, the switching losses under the proposed PWM strategy are about 1.5, 1.75 and 1.85 times of that under SPWM, respectively.
C. THD
The total harmonic distortion V THD is a tool for characterizing the harmonic performance of the output voltage, which can be calculated as follows: where V 1 and V h stand for the root mean square value of the fundamental frequency and the h-th harmonic component, respectively. Figure 7 shows the V THD related to m under SPWM and the proposed PWM strategy. Under SPWM, the AC ripple on NP voltage is an inherent problem. Thus, without and with 3% ripple on NP voltage, V THD under these two cases are considered respectively. It can be seen from Figure 7 that the curve of V THD under the proposed PWM strategy is always lower than that of SPWM, regardless of with or without NP voltage ripple. Under SPWM, V THD with NP voltage ripple is about 0.5% higher than that without NP voltage ripple. Moreover, with the increment of the phase numbers, V THD are all reduced. Based on Figure 7 , the output performance of line-to-line voltage under the proposed PWM strategy is better than that of SPWM.
V. EXPERIMENTAL RESULTS
The prototype of 3-phase and 5-phase NPC 3LI is built to verify the proposed PWM strategy, which is shown in Figure 8 . As indicated in table 2, the main system parameters are presented. DSP MC56F834 is the main processor of the system and the chip's manufacturer is Freescale. The flow diagram for 5-phase application is shown in Figure 9 , and the similar flow diagram can be obtained for 3-phase system.
Under SPWM with active NP voltage control method, the steady state experimental results for 3-phase and 5-phase NPC 3LI with respect to m and ϕ are illustrated in Figures 10 and 12 , respectively. As shown in Figures 10 and 12 , there are obvious AC ripple on NP voltage respectively with triple and quintuple fundamental frequency. Moreover, the amplitude of AC ripple under 3-phase is greater than that under 5-phase, which is consistent with the simulation results in Figure 5 . The steady state experimental results for 3-phase and 5-phase NPC 3LI under the proposed PWM strategy with respect to m and ϕ, is illustrated in Figures 11 and 13 , respectively. It can be seen that the NP voltage is well controlled. Due to that, film capacitor can be thus used as the DC-link capacitor for long service life.
Under SPWM and the proposed PWM strategy, the measured low order harmonics and THD (%) for 3-phase and 5-phase NPC 3LI are shown in Table 3 by power analyzer Yokogawa WT3000. Due to the NP voltage oscillation, the low frequency harmonics emerge under SPWM, which deteriorates the output characteristics. Since the NP voltage control ability under the proposed PWM strategy is better than that of SPWM, the low order harmonics are reduced significantly. The harmonic characteristics are similar to simulations presented in Figure 7 . The NP voltage recovery abilities of active NP voltage control for 3-phase and 5-phase NPC 3LI under the proposed PWM strategy are shown in Figure 14 and 15. When active NP voltage control method is applied, the NP voltage can be adjusted quickly from the state of unbalance to balance.
The dynamic experimental results for 3-phase and 5-phase NPC 3LI under the proposed strategy with active NP voltage control method are illustrated in Figure 16 , where the load of phase A is changed suddenly. Figure 16 shows a good control performance on NP voltage under the proposed PWM strategy, both in steady and dynamic process. To describe the characteristics between SPWM and the proposed PWM strategy, Table 4 shows the comparison results.
The comparison of measured losses for 3-phase and 5-phase NPC 3LI under SPWM and the proposed PWM strategy is illustrated in Figure 17 . In the experiments, the switching losses of only one phase including four IGBTs are measured by using Tektronix TPS2024 oscilloscope. The collector-to-emitter voltage and the corresponding collector current of each IGBT are simultaneously measured, and then the professional power analysis module of TPS2024 is used to calculate the switching losses. After simple calculation, the total switching losses of all IGBTs are finally obtained. Among these situations, the losses under the proposed PWM strategy are significantly larger than that under SPWM, especially in the situation of Z L . Moreover, under loads of high power factor, the switching losses of the proposed PWM strategy are a little larger than that SPWM.
VI. CONCLUSION
This paper presents a novel PWM strategy for N -phase NPC 3LI with unconditional NP voltage balance and its carrierbased realization. According to this method, by comparing a single carrier wave with the double modulation waves, the PWM sequences are then obtained. Under the proposed PWM strategy, the mechanism of NP voltage balance is analyzed based on calculating and executing the action time of level 1 of all phases precisely. In fact, to avoid the effect of non-ideal factors, the proposed PWM strategy with active NP voltage control method is also described in detail. The proposed PWM strategy has better NP voltage control abilities both in steady and dynamic process, which has been verified by experimental results. So, selecting film capacitor as the DC-link capacitor for long service life will become possible. However, the main disadvantage of the proposed PWM strategy is the increased switching loss, which limits its application in some degree. It should make a compromise mainly between NP voltage oscillation and switching loss according to practical applications.
